I n t r o d u c t i o n
M e t a l l i c glasses produced by extremely r a p i d quenchi n g o f the m e l t e x h i b i t a metastable s t r u c t u r e from thermodynamical p r i n c i p l e s /I/. The f r o z e n -i n l i q u i d s t r u c t u r e may be considered t o contain excess o r free volume /2,3,4/ which i s b e l i e v e d t o p l a y an important r o l e i n the mechanisms o f deformation o f the glassy m a t e r i a l /5,6,7/. The f r e e volume a l s o appears t o be involved i n s t r u c t u r a l r e l a x a t i o n s upon anneal ing/8,9/ and perhaps i n the embrittlement a f t e r annealing a t temperatures f a r below c r y s t a l l iz a t i o n /10,11/.
I n t h i s work conventional s t r e s s r e l a x a t i o n e x p e r iments i n tension ( s i m i l a r t o /12,13/) have beer1 performed t o examine the s t a b i l i t y o f t h e glassy s t r u c -
t u r e under load as w e l l as the e f f e c t o f s l i g h t annealing. From measurements o f the temperature and stress dependence o f a n e l a s t i c s t r e s s r e l a x a t i o n an attempt i s made t o estimate the shape o f the spectrum o f a c t i v a t i o n energies f o r s t r u c t u r a l relaxat i o n s o f the Metglas 2826A.
Experimental D e t a i l s M e t a l l i c glass ribbons o f type 2826A (Fe32Ni36Cr14-P12B6, A l l i e d Chemical) w i t h polished edges ( w i d t h
2.25 mm, thickness 50 pm, f r e e l e n g t h 30 mm) were clamped i n t o f l a t g r i p s held i n a special j i g f o r mounting (and demounting) f o r t e n s i l e t e s t s i n the I n s t r o n machine equipped w i t h a l o a d measuring dev i c e o f increased s e n s i t i v i t y (maximum load 500 N, r e s o l u t i o n 5 5 mN). The machine could be c o n t r o l l e d by a microprocessor system which a l s o provided a f i r s t evaluation o f the raw data (appropriate averaging of load readings i n adapted i n t e r v d l s ) . Load r e l a x a t i o n P ( t ) was recorded w i t h e l e c t r i c a l l y suppressed zero load l e v e l a t h i g h s e n s i t i v i t y a f t e r loading w i t h a cross-head speed o f 0.01 cm/min t o d i f f e r e n t load l e v e l s , a f t e r repeated loading/unloading cycles w i t h various w a i t i n g times a t zero load,
as w e l l as a t several temperatures between -94 and +61 OC. Samples were used i n t h e asquenched condit i o n as w e l l as a f t e r annealing treatments i n A r atmosphere f o r 20 h a t temperatures o f 80, 120, 160, and 200 OC.
The measured r e l a x a t i o n curves were evaluated by f i t t i n g t h e r e l a t i o n
(1) loading t o Po showed l e s s r e l a x a t i o n than before.
Results from several cycles o f t h i s k i n d are given i n Fig. 2 where the t o t a l load r e l a x a t i o n A P ( t ) = R Po -P ( t R ) a f t e r a time o f tR = 13 min i s p l o t t e d versus the number o f r e l a x a t i o n experiments. k l a i t i n g times a t zero load f o r 34 min and 7 d a r e i n d i c a t e d
a t the abscissa. Obviously tw., though exceeding tR considerably, i s n o t long enough t o recover the r el a x a t i o n process completely ( t h i s can be estimated
34m1n 34m1n 34mm 34mtn 34rnm t 4 t t A f t e r annealing below 160 OC t h e c o n t r i b u t i o n s o f --c4 and l a t e r o f zj decrease considerably, w h i l e y2 andYl f i r s t increase, l a t e r a l s o decrease, i . e . t h e l o n g r e l a x a t i o n times s h i f t t o s h o r t e r ones w i t h i ncreasing annealing treatment ( r e l a x a t i o n times <1 t o 2 s cannot be measured by the load r e l a x a t i o n experiment). Young's modulus remains constant during these treatments ( F i g . 1).
A q u i t e d i f f e r e n t behaviour occurs a f t e r annealing c o r d i n g t o i t s random s t r u c t u r e a r e characterized by f o r 20 h a t 200 OC. The c o n t r i b u t i o n s of the longest n o n -s y m e t r i c a l p o t e n t i a l w e l l s . An imposed external r e l a x a t i o n time ('r4) increases considerably. Simulload w i l l d i s t u r b the metastable e q u i l i b r i u m and taneously Young's modulus increases d i s t i n c t l y ( Fig. some rearrangements wi 11 occur w i t h n o t a b l e frequen-1) and the m a t e r i a l becomes b r i t t l e : most samples cy. The k i n e t i c s of these processes can be described a f t e r the 200 OC anneal break during f i r s t loading.
approximately along l i n e s given e a r l y by Becker /16/ 3.3. Temperature dependence o f load r e l a x a t i o n . and l a t e r by Argon /17/ f o r a n e l a s t i c a f t e r e f f e c t s .
The dependence o f load r e l a x a t i o n on temperature was A S the load effect is it can measured i n a l i m i t e d temperature range t o avoid be approximated by e q . 
t u a t i o n s w i t h fi = number o f r e l a x i n g regions w i t h f r e e a c t icould be corrected s a t i s f a c t o r i l y . I n Fig. 4 the con-v a t i o n enthalpy bGi ( s t r i c t l y speaking fi a l s o cont r i b u t i o n s t o load r e l a x a t i o n o f t h e zi values are t a i n s an eventual d i s t r i b u t i o n o f vw values f o r d i fgiven
The for very short ferent k i ) , N = total number of relaxing regions, and very l o n g times a r e r a t h e r uncertain. l l i t h devw = t h e i r mean volume, Vo = specimen volume, Qo = creasing T the c o n t r i b u t i o n s s h i f t t o longer r e l aspecimen cross section, Poo= f i n a l value o f load x a t i o n times as expected for a thermally a c t i v a t e d after relaxing all regions. A is a constant of the mechanism.
order o f 1 depending on the exact nature o f the ato-4. Discussion mic rearrangement which occurs i n each r e l a x i n g r e -F~~~ the trends observed during repeated load r e l agi on and produces some elongation of t h e specimen 
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( e v -l ) Fig. 4 Contributions t o load r e l a x a t i o n w i t h 4 r e l a -0.7 08 0.9 10 1.1 A G C e V l xation times measured (after several loadings F i g . 5 Frequency spectrum of a c t i v a t i o n enthal pies a t room temperature) on t h e same specimen a t f o r r e l a x a t i o n processes derived from meatemperatures o f T = 179, 300, and 334 K. surements a t 300 and 334 K (Fig. 4 ) .
ber N o f processes ( t h e l a t t e r assumption i s n o t v a l i d f o r the measurement a t 179 K, therefore i t s spectrum cannot be incorporated i n t o F i g . 5). The spectra a r e q u a l i t a t i v e l y s i m i l a r t o those determined by Argon and Kuo /18/ from creep t e s t s a t higher temperatures f o r several o t h e r metal glasses (AlCuZr, CuZr, PdSi) and i n d i c a t e t h a t r e l a x a t i o n s i t e s w i t h high AG, i . e . l o n g 7 are much more f r equent than those w i t h s h o r t 7 .
The concept o f f r e e volume i n m e t a l l i c glasses suggests t h a t regions w i t h r e l a t i v e l y l a r g e f r e e volume should permit atomic rearrangements w i t h small a c t i - The behaviour a f t e r s l i g h t annealing treatments ( 6 160 OC) (no change i n the apparent modulus, F i g . 1, however, a change i n the c o n t r i b u t i o n s P i (~i ) , F i g . 3) would mean i n the p i c t u r e above t h a t d u r i n g t h i s treatment small f r e e volumes segregate t o l a rger ones remaining the same i n t o t a l . From eq. (3) and the normalizing c o n d i t i o n we can estimate the t o t a l r e l a x i n g volume t o be i n t h e order o f Nvw = nm3 = 0.3 %o Yo ( n e g l e c t i n g the small c o n t r ib u t i o n w i t h < 2 s). Eqs.(l) , (3) During annealing a t 200 OC, on t h e o t h e r hand, the modulus increases d e f i n i t e l y ( Fig.1) and some f r e e volume disappears ( c f . increase o f d e n s i t y P by annealing o f several o t h e r s i m i l a r glasses /20/). Further, the increase o f the c o n t r i b u t i o n o f z4 could i n d i c a t e t h a t new small f r e e volumes have been produced, perhaps by decomposition o f l a r g e ones o r by f i l l i n g them up w i t h some d i f f u s i n g atom species.
Both e f f e c t s could e x p l a i n the tendency t o e m b r i t tlement /lo, 11/ which commences a f t e r t h i s annealing treatment. A s i m i l a r d e s t r u c t i o n o f f r e e volume a f t e r annealing f o r h 2 h a t 250 OC has been observed r e c e n t l y by X-ray d i f f r a c t i o n /8/, cf. a l s o /4/. I n summary, from a n e l a s t i c stress r e l a x a t i o n measurements on Metglas 2826A i n the as-quenched and s l i g h t l y annealed c o n d i t i o n we f i n d the f o l l o w i n g r e s u l t s and conclusions which may be o f i n t e r e s t f o r p r a c t i c a l a p p l i c a t i o n s o f these m a t e r i a l s :
( 1 ) The metastable s t r u c t u r e w i t h asymmetrical pot e n t i a l w e l l s f o r atomic rearrangements gives r i s e t o an inherent temporal asymmetry o f a n e l a s t i c r e l ax a t i o n processes. Therefore t h e whole preloading h i s t o r y enters i n t o the r e s u l t s o f any experiment. This makes i t d i f f i c u l t t o o b t a i n reproducible r es u l t s f o r mechanical properties.
(2) The apparent Young's modulus seems t o increase a f t e r f i r s t l o a d i n g o f the m a t e r i a l . Possibly some f r e e volume i s removed permanently from the asquenched s t r u c t u r e by t h i s f i r s t 'loading.
( 3 ) S l i g h t annealing treatments w i t h temperatures up t o 160 OC (20 h) change the s t r u c t u r e s l i g h t l y ; i n t h i s temperature i n t e r v a l f r e e volume seems t o segregate i n t o l a r g e r u n i t s , b u t s t i l l remains i n t h e sample which keeps i t s d u c t i l i t y . 
